Magnetic skyrmions are nanometric spin textures of outstanding potential for spintronic applications due to unique features governed by their non-trivial topology. It is well known that skyrmions of definite chirality are stabilized by the Dzyaloshinskii-Moriya exchange interaction (DMI) in bulk non-centrosimmetric materials or ultrathin films with strong spin-orbit coupling in the interface. In this work, we report on the detection of magnetic hedgehogskyrmions at room temperature in confined systems with neither DMI nor perpendicular magnetic anisotropy. We show that soft magnetic (permalloy) nanodots are able to host non-chiral hedgehog skyrmions that can be further stabilized by the magnetic field arising from the Magnetic Force Microscopy probe. Analytical calculations and micromagnetic simulations confirmed the existence of metastable Néel skyrmions in permalloy nanodots even without external stimuli in a certain size range. Our work implies the existence of a new degree of freedom to create and manipulate skyrmions in soft nanodots. The stabilization of skyrmions in soft magnetic materials opens a possibility to study the skymion magnetization dynamics otherwise limited due to the large damping constant coming from the high spin-orbit coupling in materials with high magnetic anisotropy.
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Magnetic skyrmions, topologically protected inhomogeneous spin textures on the nanoscale, named after T. Skyrme who predicted similar non-linear configurations in quantum field theory, 1 are widely investigated due to their potential applications in memory storage devices, spintronics as well as due to their unusual fundamental properties.
With their small sizes and high mobility under low current densities, skyrmions are envisaged as information carriers in the racetrack memory type devices. In this sense, control over the formation and manipulation 2, 3 of skyrmions, particularly in confined geometries, 4, 5 becomes of uttermost importance.
Most of the works in the literature report on skyrmions in systems with broken inversion symmetry allowing the Dzyaloshinskii-Moriya exchange interaction 6 (DMI) either in ultra-thin multilayers of transition metals and materials with strong spin-orbit coupling 7, 8, 9 or in non-centrosymmetric compounds. 10 Both Néel (hedgehog) and Bloch skyrmions can be stabilized in the above mentioned cases due to the interplay of DMI and uniaxial magnetic anisotropy.
Non-chiral Bloch skyrmions (or bubble domains) can be stabilized in infinite films with out-of-plane magnetic anisotropy by the dipolar interactions without the need of DMI. A separate question is the stabilization of Bloch skyrmions in nanostructured materials such as nanodots where the dipolar interactions play a very important role and change the skyrmion stability conditions. 11 Up to now, in all cases the perpendicular magnetic anisotropy was considered a necessary ingredient. Particularly, soft magnetic permalloy (Py, NiFe alloy) dots are believed to host magnetic vortices only 12, 13 (half Bloch skyrmions). Nobody so far assumed that stabilization of the Néel skyrmions in confined systems without magnetic anisotropy was possible.
On the other hand, essential progress of the experimental techniques during the last decade enabled the detection the magnetic vortices, 14 bubbles 15 or skyrmions 16 by using various imaging techniques on the nanoscale. The importance of imaging individual nano-objects lies in its capability to directly visualize these spin textures or even to control them. Several techniques such as Photo Emission Electron Microscopy (PEEM) 17 or Electron Holography (EH) 5 are commonly used to study magnetic configurations of individual nano-objects. Nevertheless, the family of Scanning Probe Microscopy (Spin Polarized Scanning Tunneling Microscopy, SP-STM, 3 Magnetic Exchange Force Microscopy, MExFM 18 and Magnetic Force Microscopy, 19, 20 MFM) provides higher resolution images as well as remarkable sensitivity.
In this work, we studied permalloy (Py) sub-100 nm diameter particles (nanodots) with no perpendicular uniaxial magnetic anisotropy or DMI. The expected magnetization configuration for Py nanodots in this size range is either a vortex state or a single domain state (with in-plane magnetization) due to the low magnetocrystalline anisotropy. 13, 21 However, Néel (hedgehog) skyrmion spin textures were unexpectedly detected in the present study through MFM. The magnetization configuration of the Néel skyrmions 22, 23 is characterized by spins rotating in radial planes from their cores to the boundaries, in contrast to Bloch skyrmions, where the spins are essentially perpendicular to the radial planes, forming closed-flux circles. The evolution of the magnetic configuration under external applied in-plane (IP) fields leaves no doubt of the existence of radial hedgehog skyrmions in such Py dots. Analytical calculations showed that these magnetization textures are metastable high-energetic states and micromagnetic simulations confirmed this fact.
Detection of skyrmions
For the present experiments, Py nanodots with a diameter of 70 nm and height of 30 nm were grown by hole mask colloidal lithography (HCL) as explained elsewhere. 24 The nanodots studied along this investigation are distributed onto a silicon substrate far enough from neighboring nanodots in such a way that they can be considered noninteracting with each other. Their shape and size were assessed by Scanning Electron Microscopy (SEM) and High Resolution Transmission Electron Microscopy (HR-TEM) which confirm the polycrystalline nature and therefore, the absence of magnetocrystalline anisotropy. The shape of the nanodots is close to a hemisphere MFM imaging was performed on the sample (hereinafter referred to as A) using a commercial CoCr coated tip from Nanosensors TM . The experiments were performed in remnant magnetization state, after applying a saturating magnetic field to the sample in the out-of-plane (OOP) direction to promote the vortex formation.
The MFM contrast observed in these experiments (see Figure 1a and 1b) resembles a vortex magnetization configuration with a core distinguished from the surrounding area. Vortices present IP closed-flux magnetization with a core at the centre, where the OOP magnetization component can be either positive or negative and their chirality can be clock or anticlock-wise 25, 26, 27 . However, the strong dark contrast around the core and the fact that all the cores present bright contrast, regardless of the tip polarization (see Figure 1e ), lead us to explore alternative possible magnetization configurations.
In the MFM image of a vortex ( Figure 1d , Py nanodiscs of 140 nm in diameter), the core is distinguished from the surrounding area due to the high magnetostatic interaction between the tip stray field and the magnetic moment of the core. Dark (or bright) core contrast corresponds to attractive (or repulsive) interaction, i.e., to the core magnetization parallel (or antiparallel) to the tip polarization ( Figure 1c) . Thus, the core MFM contrast can be reversed by switching either the magnetization of the tip (Figure 1d ) or the polarity of the core. However, in sub-100 nm nanodots the contrast at the center of the nanoparticles is always positive (corresponding to an antiparallel tip-core configuration, as in Figure 1e ), regardless of the MFM probe polarization.
The fingerprint of the vortex spin texture is the perpendicular displacement of its core with respect to an IP applied magnetic field, until the critical field is reached and the magnetic moments completely align with the in-plane field. It is well known that the core displacement direction depends entirely on the chirality and it is therefore independent of its magnetization direction. 28, 29 Nonetheless, Variable Field (VF)-MFM 30 results show that in the sub-100 nm nanodots the displacement of the core is either parallel or antiparallel to the in-plane magnetic field (see sequence I and II in Figure 2 ). This is indicative of the absence of IP closed-flux magnetization configuration. Notice that the magnetic state of the tip has been defined prior to the measurements (Figures 2a and 2e) . As evidenced in Figure 2a , the white core is moving antiparallel to the applied field (sequence I). This confirms the hypothesis that the dot magnetization configuration is not a vortex, but rather a hedgehog skyrmionic configuration with an essential radial IP magnetization component. Néel (hedgehog) skyrmions 23 are characterized by a rotating OOP magnetization component from the core to the dot edges by means of radial curling of the spins. The cores of these configurations displace parallel or antiparallel to the in-plane magnetic field direction increasing size of the domain with magnetization parallel to the field.
The core displacement when IP magnetic field is applied depends solely on the skyrmion chirality sign (mϕ ) for Bloch skyrmions (vortices) and on the radial component direction sign (mρ ) for Néel skyrmions, considering a unit cylindrical magnetization vector m (mρ, mϕ, mz) with the z axis directed perpendicularly to the film surface. If an in-plane bias field is directed along Oy axis (Hy >0), such as in Figure 2a In a hemispherical dot (z > 0) or a truncated hemisphere (z > zc >0), the radial magnetization component and the skyrmion core polarity p = sign (mz (0)) are not independent. The core polarity sign determines the radial magnetization direction, namely from inside-out or from outside-in, respectively. Thus, in sequence I (p > 0) the core displaces antiparallel to the field, owing to the radial magnetization configuration pointing outwards (Figure 2c) . In sequence II (p < 0) the skyrmion core displaces parallel to the field as it is indeed observed in the experiment, since the radial magnetization points inwards. 31 At this point, it is important to notice that the two configurations of skyrmions observed in sequence I and II have been imaged under presence of the local magnetic stray field emerging from the tip. The stray field of the tip plays a crucial role on the definition of the magnetic configuration of the nanodots, considering that a positive or negative core skyrmion can be induced by applying a perpendicular field in the appropriate sense. Therefore, the fact that an OOP local field determines the development of a positive or negative core skyrmion configuration explains why the images obtained in the MFM measurements (i.e., white core and dark contour) remain the same regardless of the magnetization direction of the tip. Simulated MFM images shown in Figure 2d reproduce nicely the experimental data.
Permalloy hemispherical nanoparticles were modelled via micromagnetic simulations with initial conditions close to that of the Néel skyrmion. Simulations in Figure 2b and Figure 2f reproduce the skyrmion as a minimum energy state and prove that a hedgehog skyrmion configuration is, at least, metastable in hemispheres of 60 nm diameter. They demonstrate the stability of both positive (and negative) polarity hedgehog skyrmions, with the radial component of the magnetization pointing out (and in), in good agreement with the observations. Results unveil that the core diameter is wide at the base and it narrows approaching the nanodot surface. Additionally, when it is subjected to external field, the magnetic moments of the base respond later than the ones closer to the dot upper surface. Notice that the out-of-plane (mz) magnetization component is represented in a color scale and that a transversal dot crosssection is shown to emphasize the movement of the core. Images in Figure 2c display the base plane of the nanodot with radial configuration (my depicted in a blue colour scale), which is present when the skyrmion has not yet been annihilated.
Skyrmion stability assessment
Analytical calculations, carried out to shed light on the experimental result, predict the existence of a hedgehog skyrmion in Py nanoparticles with no perpendicular anisotropy or DMI (see Figure 3a ). Yet, only vortices or single domain states have been reported so far in these soft magnetic structures in the literature. 21 Analytical calculations were conducted, in parallel to micromagnetic simulations, with the aim to verify the stability of the Néel skyrmions in permalloy nanodots in absence of external fields. Our calculations show that Néel skyrmions indeed exist in permalloy dots as high-energy metastable states, i.e., with higher energy than Bloch skyrmion (or vortex) states. In Figure 3b , the reduced skyrmion energy is plotted versus the dot aspect ratio, particularized for the case R/lex=10. lex= √2 /µ 0 2 is the material exchange length, A the exchange parameter and Ms accounts for the saturation magnetization.
These Néel skyrmion states exist in some regions in the phase diagram (regions delimited by the black dots and lines in Figure 3a ) and become inaccessible for large dot thicknesses L, or small dot radius R, due to their very high energies. Owing to the increasing magnetostatic energy when the ratio L/R increases, the upper boundary in Figure 3a presents a downwards trend. On the other hand, the exchange energy increases with the dot radius R decreasing at fixed L/R, making the Néel skyrmion unstable at small R (left boundary in Figure 3a marked with black squares). Results obtained through micromagnetic simulations on semispherical dots have been added to the graph in Figure 3a . The regions where the IP single domain and the vortex states are ground states in the system are shown in light blue and grey regions, respectively. Moreover, the graph indicates the geometries where the metastable skyrmion states were found (see skyrmions represented as red-blue dots). Note that we did not find stable skyrmions for dots with radius below 30 nm in hemispheres.
According to micromagnetic simulations, the Néel skyrmion states are highly metastable and are destroyed by small perturbations. Experimentally, we have verified that they exist over larger interval of the applied field values which points towards an additional stabilization by the stray field coming from the MFM tip. 32 Further experiments were carried out to assess the influence of the localized magnetic field of the tip on the skyrmion stability. With this purpose, a low moment MFM tip was designed for comparison. The tip magnetic stray field can be tuned simply by controlling the amount of the magnetic coating (usually CoCr) deposited. 33 However, this method has some limitations; as the coating thickness decreases the MFM signal to noise ratio can be jeopardized. In this work, Fe nanorods 34 were grown by Focused Electron Beam Induced Deposition (FEBID) on standard AFM tips. 35 Nanorod diameters below 35 nm with very sharp endings (7 nm) can be obtained to improve the resolution. Moreover, the cylindrical geometry and the high aspect ratio of the Fe nanorods maximize the OOP vs. IP stray field ratio. To obtain tips with intermediate stray fields, Co was sputtered onto commercial AFM tips choosing the desired thickness (see Methods), i.e. adjusting the local stray field. Several tips of categories 1-3 were fabricated for this study (details are gathered in Table 1 ). Making use of series of VF-MFM based methods, 36 the critical fields of the skyrmions have been determined. In Figure  4a , the skyrmion existence field ranges -field ranges between nucleation and complete annihilation-are depicted as a function of the stray field of the probes. In Supplementary Information IV, an example was introduced to explain how the critical fields were measured, together with the method used for the determination of the tip stray fields. Table 1 . Interestingly, the skyrmion annihilation field is almost 5 times larger when a commercial probe is used (tip 1, Figure  4b ) in comparison with the values obtained for the nanorod probe (tip 3, Figure 4d ). Thus, larger OOP stray fields lead to the stabilization of the skyrmion, turning it into a magnetically harder configuration. As in previous works where the local field of the tip is used to manipulate the magnetic charges, 37, 38 in this work the tip stray field serves as a tool to control the stability of the skyrmion configuration.
The application of a local out-of-plane stray field, can act as a modulator to tune the stability of the skyrmion, confined in a soft nanodot. Generally speaking, the stabilization of hedgehog skyrmions in a material with neither DMI interaction nor magnetic anisotropy invites to lead efforts to span the range of magnetic systems where topologically non trivial spin textures can be found.
Additionaly, Py nanodots hosting a Néel skyrmion, might be particularly interesting for the study of skyrmion-based spin-torque nano oscillators (STNO), 39, 40 which according to predictions would have no threshold current for activation, in contrast to vortex-based STNO. The use of a suitable soft magnetic material, with high saturation magnetization, low anisotropy and its well-defined magnetic resonance spectra, opens a path to its application in microwave devices based on the fast magnetization dynamics.
Conclusions:
In summary, by using magnetic force microscopy techniques we detected for the first time hedgehog (Néel) skyrmions in soft magnetic Py nanoparticles. This is a non-expected magnetization configuration in the nanoparticles without DMI and more remarkably, in absence of any magnetic anisotropy. We demonstrated theoretically and experimentally that the Néel skyrmions exist in permalloy circular nanodots as highly metastable states and that they can be stabilized by the local field coming from the MFM tip. Under in-plane applied magnetic field, the hedgehog skyrmions behave as it is theoretically predicted, i.e. their core moves parallel or antiparallel to the field in agreement with its core polarization direction. The skyrmion stability is studied as a function of an out-of-plane local field. We believe that the existence of the Néel skyrmions in nanodots without magnetic anisotropy and negligible DMI opens new perspectives for the exploration of topologically non-trivial spin textures in systems that have not been yet considered. Moreover, the high saturation magnetization, low anisotropy and damping constant of the Py nanodots, together with well-defined magnetic resonance spectra, open a path to their applications in microwave devices based on the fast magnetization dynamics.
Methods:
Sample growth. The sample was fabricated through Hole-mask Colloidal Lithography 24 . It involves three steps: first, a short-range-ordered polystyrene (PS) nanophere array is formed onto a poly methyl methacrylate (PMMA) polymeric layer. Subsequently, titanium is sputtered onto the system before the spheres are peeled-off and the exposed PMMA etched in oxygen plasma, leaving an array of holes as a template for the nanodot growth. Finally, permalloy is sputtered with a DC magnetron sputtering to fill the pores and grow the nanodots, while the PMMA template is removed with acetone, remaining only the nanodots onto the silicon substrate. Imaging of skyrmions. The MFM measurements were performed at ambient conditions using a scanning force microscope from Nanotec Electronica in the amplitude modulation mode and with the phase-locked loop (PLL) enabled to track the resonance frequency. A module for magnetic field application is enabled. 30 Different sensors were used depending on the experiment. Most of them were performed with commercial PPP-MFMR model tips commercialized by Nanosensors TM . The non-commercial tips were fabricated following two different procedures. For low moment tips, magnetic cylindrical nanorods were grown onto the apex of AFM tips by FEBID. The 3D magnetic nanowire was fabricated in the commercial Helios Nanolab 600 Dual Beam system equipped with a Schottky field emission gun (S-FEG) electron column and a gas injector system for depositing Fe using Fe2(CO)9 precursor gas. The nanostructure was grown using an electron-beam voltage of 30 kV, an electron beam current of 43 pA and a chamber growth pressure of 8x10 -6 mbar (base pressure of 1.3x10 -6 mbar), scanning a single point pattern during 75 s with the electron beam. Intermediate moment tips were coated in a home-made built RF sputtering chamber. Co was deposited on tips under 10 -2 mbar argon pressure, with a bias voltage of 295 V and 50 kW of power. The out-of-plane signal of the tips was evaluated with a reference sample. The output, obtained in Hz after enabling the PLL, was correlated to the magnetic force gradient through the following formula:
where k is the cantilever force constant and Fs-t is the force experienced by the tip as a result of the stray field of the sample. HRTEM imaging was carried out in an FEI Titan Cube 60-300 system operated at 300 kV and fitted with an S-FEG and a CETCOR aberration corrector for the objective lens from CEOS, obtaining a point resolution below 1 angstrom. It is also equipped with a 2K x 2K Ultrascan CCD camera from Gatan.  is the magnetostatic energy. 11 We assume that the skyrmion equilibrium configuration does not depend on the thickness coordinate z and is radially symmetric, i.e., We define the skyrmion radius s
